Abstract. Seasonal and interannual variations of blocking in the Southern Hemisphere (SH) are discussed using 25 years of NCEP and 14 years of ECMWF data sets. Both the data sets show that the highest blocking frequency occurs near New Zealand, but ECMWF data seem to show higher blocking frequency. There are large interannual variations in blocking frequency over east and west Pacific, the principal regions of blocking in the SH. Linear correlation coefficients (CC) between the frequency of blocking and the Southern Oscillation Index show mostly negative values, indicating that blocking increases during the E1 Nifio events. A significant value (at 95% level) of CC is found only for the west Pacific in the austral autumn season. Two sets of three high and low blocking frequency years are selected to explore the possible causes for interannual variations. Mak's energy equations are used to examine the differences in energetics. To maximize the differences, two extreme years of blocking, a year of high blocking frequency, 1984, and a year of low blocking frequency, 1990, are considered. It is found that the generation of kinetic energy by barotropic processes on intraseasonal timescales is higher in 1984 than in 1990. This shows that the configuration of seasonal mean (deformation) field supports higher incidence of blocking in 1984 than in 1990.
Introduction
The blocking phenomenon in the atmosphere has been extensively investigated since the early studies of Elliot and Smith [1949] and Rex [1950a, b] . The most significant feature common to these studies is that normal passage of smaller-scale baroclinic weather systems is obstructed and hence the name "blocking." Because of its importance in weather-related human activities such as agriculture, extended range forecasting of blocking situation has been attempted. Despite several advances in operational medium-range weather forecasting, Tibaldi and Molteni [1990] and TibaMi et al. [1994] have shown that forecasting the onset of blocking events by the European Centre for Medium-Range Weather Forecasts (ECMWF) model is, in general, a difficult task. However, if the integration starts from an already blocked initial condition, the model performance improves. The situation in the Southern Hemisphere (SH) is even worse because of poor data coverage that introduces large initial errors. A good knowledge of observed aspects of blocking in the SH seems to be desirable before an attempt at numerical forecasting is made. Also, observational studies of blocking might help in improving parameterizations in Numerical Weather Prediction models.
There have been several observational studies of blocking in the Northern Hemisphere (NH) [e.g., Rex, 1950a [1972] described synoptic characteristics of blocking anticyclones in the SH. Blocking in the austral-Asian region has been documented by Wright [1974] and Baines [1983] . Coughlanvariation of blocking in the SH using 14 years (1980-1993) of ECMWF and 25 years of NCEP (National Centers for Environmental Prediction) data. To our knowledge this is the first study in which 25 years of daily data have been used to analyze blocking in the SH; nine more years of data will be used in comparison with the 16 years (1980-1995) of climatology of Renwick [1998] .
Mechanisms responsible for the interannual variations of blocking are not well documented and understood. One source of interannual variability in blocking flows is the variations in the tropical sea surface temperature (SST) exemplified by E1 Nifio-La Nifia phenomenon. Namais [1986] and von Storch [1987] suggested that during E1-Nifio-type forcing, the extratropical low-frequency variability is smaller than during La Nifia forcing, implicitly implying less development of blocking flows during E1 Nifio winters. Chen and Van den Dool [1997] noted that blocking flows develop twice as much over the North Pacific during La Nifia than during E1 Nifio winters. They noted that the high-frequency eddies (1-7 days) during La Nifia events are more effective in maintaining blocking flows, thus supporting the Shutts [1983] eddy-straining mechanism. Shutts proposed that the high-frequency transient eddies are deformed systematically by the large-scale ambient flows in such a way that they feed back to decelerate the westerlies and help to form and maintain the blocking flow [Shutts, 1983; Trenberth, 1986] . In the SH, Rutllant and Fuenzalida [1991] and Renwick [1998] found a connection between the occurrence of blocking and ENSO. However, in both of these studies they used ECMWF data, which underwent several changes in the model physical processes during the period of data they analyzed. These changes may introduce false interannual variations. However, NCEP reanalysis [Kalnay et al., 1996] data are devoid of this problem and so particularly suitable for the study of interannual variations. In the present study, these data for 25 years are used in addition to the 14 years (1980-1993) of the ECMWF data. The study with both of these data will permit a comparison of blocking frequency obtained with them. Mak [1991] developed energy equations to study the blocking flows. Mak evaluated the contribution from three temporal scale interaction (seasonal, intraseasonal, and high-frequency components) to the episodal average local energetics of the block. The synoptic eddy-straining mechanism proposed by Shutts [1983] is mainfested in three energetic terms. However, the conversion term between the seasonal and the intraseasonal components is found to be largest. In the present study we use Mak's energy equations to examine the energy exchange processes during years of extreme (low and high) blocking frequency. Such a study might indicate the changes in the atmospheric process responsible for the interannual differences in the blocking frequency.
Data and Method of Analysis
In the present study we use 14 years (1980-1993) of EC-MWF data at 1200 UTC. The ECMWF analyses were produced by a data assimilation system run as an intermittent 6 hour analyses•initialization•forecast cycle. A review of this modern data assimilation was given by Bengtsson [1991] . A 6 hour forecast from the previous initialized analysis provides the first guess. The ECMWF analyses have undergone some changes. Linear normal mode initialization was introduced in September 1982 and a diurnal cycle of radiation was introduced in 1984. For further details about ECMWF data, see Trenberth and Olson [1988] . We use geopotential height (Z), the horizontal velocity (u, v) fields, the vertical P-velocity (to) field, and temperature field (T). Two months (January and February 1984) of data were missing. The lack of these two months of data was taken into consideration in obtaining the blocking frequency.
In addition to ECMWF data we use NCEP/NCAR (Nation- In the present study we used a blocking index, which is a modified version of that suggested by Lejeniis [1984] . To include occurrence of blocking at latitudes higher than 50øS, the Lejenfis index is used for three different latitudes. The blocking situation should satisfy that mean in 30 ø longitudes ([I(X-10) + I(X) + I(X + 10)]/3)should be less than zero at one of three cases of (2). These criteria are sufficient to define a local (in time and space) blocking pattern. However, a true synoptic blocking requires a certain time persistence of the event. Thus a further time requirement has to be added to the sector-blocking definition, which is as follows: When two successive days are considered blocked by the index in a sector and are followed by a nonblocked day and then by two more successive blocked days, the entire event is considered as a 5 day block (implicitly assuming that the failure was due to an index failure). A similar criterion is applied in the case of a single nonblocked day preceded (followed) by four blocked days and followed (preceded) by a single blocked day. In addition, all the blocked episodes less than four consecutive days of duration are excluded in the subsequent analysis. These criteria are similar to those used by DMndrea et al. [1998] for the Northern Hemisphere blocking identified in 15 atmospheric general circulation models.
Zs(X)
In addition to the above criterion, a simple Lejentis [1984] criterion, i.e., no time duration limit, is also adapted, and only the first index (I(X•)) is used. This will permit to make a comparison of blocking in the SH identified by these two methods, particularly the change of the latitude limits. Hereinafter, this method is referred to as method 2 while the earlier one as To analyze the energetics of the blocking situation, we use the methodology developed by Mak [1991] . We use his notation. Here we shall briefly illustrate the method. For details the reader is referred to Mak's paper. Each meteorological variable, s c = z, u, v, to or T at each grid point is partitioned into three parts, a seasonal component (0), an intraseasonal component (1), and a high-frequency component (2).
The three operators in time that would achieve partioning into three components are given by Ln{s c} = sen (n: 0, 1, 2).
These components are obtained by two filters. The first filter (zero component) is 61 day running-mean (denoted by an overbar). The second filter is a 7 day running-mean (denoted by a circumflex). The difference between the two gives the intraseasonal (1) component and the difference between the original series and the 7 day running-mean gives the highfrequency component (2).
• The first five terms on the right-hand side of (10) can be evaluated from the temperature, horizontal velocity, and to data at 500 hPa. The last term can be estimated as a residual.
Results
In this section we first discuss the climatology of blocking in the SH using 25 years of daily data, giving emphasis to seasonal and interannual variations, and their energetics will be considered later. Figure 3 , the frequency of blocks in the Pacific is much higher compared to the other two oceans. Also, another feature evident in Figure 4 is the large interannual variation over Pacific (both west and east) and over the entire SH. High values of frequency occurred in 1974, 1976, 1978, 1984, 1986, 1991, 1992, and 1996 and low values occurred in 1973, 1975, 1980, 1981, 1985, 1989, 1990 , and 1995. Figure 5 shows the interannual variation of the number of blocked days. In this figure, also large interannual variation can be seen. As expected, the interannual variation in the frequency of blocked days ( Renwick [1998] noted that over the southeast Pacific at all times of year, E1 Nifio events are associated with increased blocking frequency. Over the southwest Pacific, E1 Nifio is associated with a significant increase in blocking frequency during the period September through February but during the remaining six months with slightly reduced blocking frequency, with net cancellations of the ENSO signal over the years as a whole. Renwick [1998] also noted that ENSO-related variability is not statistically significant over southwest Pacific in March, April, and May (MAM) or December, January, and February (DJF). For the first time in the present study we used 25 years of data, which might provide results that stand the test of statistical significance regarding the connection between blocking and ENSO. Table 1 gives the linear correlation coefficients between the blocking frequency and the SOI. In column 3 the asterisk is significant with confidence level of 95% (according to students two-sided t test). It is interesting to note that relatively large CCs (but not significant) are negative, suggesting an increase of blocking during E1 Nifio over the entire SH in autumn and spring and in the southeast Pacific during the spring. The only significant CC is found for southwest Pacific during the austral autumn season. Thus the present study suggests an increase of blocking in the southwest Pacific in autumn during the E1Nifio events.
Energetics of Contrasting Years
To see the differences between 3 years of high (1984, 1986, and 1992) Figures 13a-13d ) and fifth term (Figure 13e ) on the right-hand side of the available potential energy equation (7) 
